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ABSTRACT 
 
In order to improve the understanding of glass production and provenance, we present trace 
element and Sr, Nd and B isotope ratio data for 15 samples of raw natron glass from a single 
tank furnace in Apollonia (6th–7th century C.E.) and eight glass samples from two tank 
furnaces in Bet Eli’ezer (8th century C.E.) in Israel. This data provides information about the 
geochemical homogeneity within a single batch of raw glass and about the differences and/or 
similarities between different tank furnaces on a single site. Four glasses from a secondary 
workshop at Tell el-Ashmunein, Egypt (8th–9th century C.E.) are analysed for comparative 
purposes. 
All raw glass samples have uniform trace element patterns and ratios. Because of poor mixing 
of the glass batch before and during firing, absolute concentrations however can vary 
significantly within a single tank furnace. The concentrations of trace elements commonly 
associated with (de)colouring are very low and can be attributed to background concentrations 
in the sand raw materials. This indicates that there was no obvious recycling of glass cullet at 
this stage of the production process and that the tank furnace glass is primary glass in the true 
sense of the word. The isotopic compositions of Sr, Nd and B in the tank furnace glasses are 
relatively homogeneous. This confirms their potential as provenance indicators. The isotopic 
composition of Sr in tank furnace glass from Apollonia and Bet Eli’ezer indicates that the 
lime was derived from seashell, suggesting the glass was produced from beach sand. Glass 
from Tell el-Ashmunein contains Sr with lower 87Sr/86Sr ratios, pointing to the use of 
limestone as the source of lime. All primary glasses from Israel analysed have Nd isotopic 
compositions typical for an Eastern Mediterranean origin. δ11B indicates that natron used in 
the tank furnaces in Apollonia and Bet Eli’ezer was most likely imported from Egypt. 
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HIGHLIGHTS 
 Trace element and Sr, Nd and B isotopic characterisation of primary tank furnace glass 
 Provenancing raw materials used in the production of primary glass 
 Geochemical homogeneity within a single batch of raw glass 
 Differences and similarities between tank furnace glass on a single site 
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1. INTRODUCTION AND OBJECTIVES 
 
Ancient natron glass is a complex material. It was produced by melting a calcareous silica 
sand together with a soda-rich flux. The currently preferred model for natron glass production 
in the Hellenistic to early Islamic period is one of a division of production (Nenna et al., 1997, 
2000, 2005; Gorin-Rosen, 2000; Freestone et al., 2000, 2002a, b; Picon and Vichy, 2003; Tal 
et al., 2004; Freestone, 2006; Degryse, 2014). The glass was first produced from sand and 
natron raw materials in tank furnaces on primary production sites. Examples of such 
installations have been discovered in Egypt and Syro-Palestine. In the Wadi Natrun region, 
Egypt, three primary production sites were dated between the 2nd century B.C.E. and the 3rd 
century C.E. (Nenna et al., 2005; Nenna, 2015). Near Alexandria, two other primary 
workshops were discovered dating from the Imperial period to the 8th century C.E. (Nenna et 
al., 2000). An early Roman (1st century B.C.E. – 1st century C.E.) production site was found 
in Beirut, Lebanon (Kouwatli et al., 2008; Henderson, 2013). By far most of the remnants of 
primary natron glass production have been discovered in Israel. 17 tank furnaces with a 
(minimum) capacity of 8 to 10 tonnes of glass each were found at Bet Eli’ezer (Gorin-Rosen, 
1995, 2000). A number of similar installations for glass production from the 6th to 7th century 
C.E. were found in Apollonia (Tal et al., 2004; Freestone et al., 2008) and an in situ failed 
glass slab was discovered in Bet She’arim (early 9th century; Brill, 1967; Freestone and 
Gorin-Rosen, 1999). Evidence of primary production is also found on other archaeological 
sites in Israel. 
The large tank furnaces were capable of producing several tonnes of raw glass in a single 
firing, which probably lasted in the order of two weeks or more (Gorin-Rosen, 2000). 
Numerical simulations using a 3D computation fluid dynamics model based on the primary 
tank furnaces at Bet Eli’ezer predict that the average temperature of the glass reached 1200°C 
with a minimum of 1080°C at the bottom of the tank (Van Beeumen, 2011; Van Beeumen et 
al., 2011). Sand and natron raw materials were probably introduced into the furnace in several 
smaller batches during the firing process (Freestone et al., 2000). In this way, the added batch 
would float on top of an already molten layer of glass, heating the raw materials from below 
while hot gasses heat them from above. When all raw materials were melted, the glass was 
allowed to cool down in the tank itself. Once solidified, the furnace was dismantled and the 
glass slab broken into chunks which were traded widely to be shaped into vessels in 
secondary workshops (Nicholson et al., 1997; Rehren and Putsch, 1997; Foy et al., 2000; 
Freestone et al., 2000; Nenna et al., 2000). Additives such as colourants and/or opacifiers 
were added to the glass at this stage (Freestone et al., 2002a; Picon and Vichy, 2003). 
The very nature of glass, with its amorphous structure, limits the number of techniques that 
can be used to relate it back to its original production site. The provenance determination of 
natron glass relies solely on consistent and measurable differences in bulk geochemical 
characteristics between glass from different primary sources. In the literature, several major 
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compositional groups have been identified (e.g., Bimson and Freestone, 1985; Gratuze and 
Barrandon, 1990; Freestone et al., 2000, 2002a; Foy et al., 2003). Each is restricted in 
chronological and geographical distribution and some can be related to the identified primary 
glass production centres in Egypt and the Levant. For others, the actual production sites are 
still unknown. 
Unfortunately, the compositional ranges of different glass groups are not clearly defined. 
There are subtle differences in composition within groups and there can be considerable 
overlap in geochemical signatures of different possible sources. Small differences in the 
relative proportion of (alumino-) silicates and carbonates in a sand deposit can result in local 
variations in, e.g., CaO and Al2O3 concentrations of a few weight percent (Brems et al., 
2016). The local concentration of heavy minerals due to changing hydraulic conditions, would 
result in strong peaks in the concentrations of certain trace elements (Brems and Degryse, 
2014). It is not unreasonable to assume that the mixing of a great volume of sand with natron 
in a tank furnace would eliminate some of these heterogeneities. However, incomplete mixing 
of the sand and natron before firing would result in significant local variations in, e.g., Na2O 
vs. SiO2 and CaO contents. Convective currents in the volume of molten glass during firing, 
could result in at least some degree of homogenisation in the geochemical characteristics of 
the glass (Van Beeumen, 2011; Van Beeumen et al., 2011), but the extent of this is not well 
known. Freestone et al. (2000) and Tal et al. (2004) already noted significant variation in 
major element concentrations in glass samples from a single tank furnace. 
During the last decades, the emphasis in studies of ancient glass has shifted more and more 
towards trace elements and isotope ratios (Wedepohl and Baumann, 2000; Freestone et al., 
2000, 2003; Degryse et al., 2006, 2009a; Shortland et al., 2007; Degryse and Schneider, 2008; 
Degryse and Shortland, 2009; Brems et al., 2013a, b; Brems and Degryse, 2014; Degryse, 
2014; Devulder et al., 2014). These are likely to be more indicative of the geological (and 
geographical) source of the sand raw materials than major elements. However, up till now it is 
unclear how much variation in these geochemical characteristics can be expected within and 
between primary glass batches. The aim of this paper is to provide a comprehensive 
geochemical characterisation of raw natron glass from Byzantine and early Islamic tank 
furnaces in order to investigate the magnitude of variation in trace elemental and Sr, Nd and B 
isotopic properties within a single batch of raw natron glass. Also the similarity in 
geochemical composition between different tank furnaces from a single site is investigated. 
 
2. MATERIALS 
 
In this study, we provide a geochemical characterisation of raw glass from primary tank 
furnaces from two sites in Israel: Apollonia and Bet Eli’ezer. We determined trace element 
compositions and Sr, Nd and B isotopic signatures for 15 samples of raw glass recovered 
from a single tank furnace in Apollonia, dated to the 6th–7th century C.E. (Area N tank; Tal et 
al., 2004). Major element compositions of these samples have previously been characterized 
using EPMA (Tal et al., 2004). Additional major element data and selected trace element data 
for other samples from the site are given by Freestone et al. (2000, 2008) and Phelps et al. 
(2016). The glasses from the Apollonia furnaces are soda-lime-silica glasses typical of late 
Byzantine and early Islamic glass from the Levantine coast. They are characterized by Al2O3 
contents of about 3.0–3.5% and CaO levels in the range of 7–9%. The Na2O content is about 
12–15% and that of SiO2 is typically about 69–73%. The Apollonia glass has been grouped 
under the name ‘Levantine I’ (Freestone et al., 2000; Tal et al., 2004), together with, among 
others, 4th century glass from Jalame (Brill, 1988) and 6th–7th century glass from Bet She’an, 
Dor and Ramla (Freestone et al., 2000, 2003; Tal et al., 2008). Although these assemblages 
have slightly different compositions, they are all believed to be produced along the Palestinian 
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coast using very similar ‘Belus-type’ sand raw materials (Brill, 1988; Freestone and Gorin-
Rosen, 1999; Freestone et al., 2000). All 15 samples came from the same tank furnace. Most 
of them had a natural blue-green (aqua) colour, but five samples (AP04, AP12, AP13, AP14 
and AP15) were olive green. Sample AP10 contained stones visible to the naked eye and 
shows anomalously high Al2O3 and Fe2O3 concentrations, and low Na2O and CaO ones, 
attributed to contamination by contact with the wall or floor of the furnace (.Tal et al., 2004). 
This sample was split in two. One part (sample AP10a) was composed of relatively clear, 
transparent aqua glass with no macroscopic inclusions. The second part (AP10b) was almost 
completely composed of fritted material, i.e. crystalline grains, mostly of quartz, embedded in 
a glassy matrix. These two samples were analysed separately for their trace elemental and Sr 
and Nd isotopic signatures. 
At Bet Eli’ezer, 17 tank furnaces were found, dating to the 8th century C.E. (Gorin–Rosen, 
1995, 2000). Freestone et al. (2000) analysed the major element compositions of glass from 
four furnaces at Bet Eli’ezer. They showed that there are no consistent compositional 
differences between furnaces on the same site and that the full spread of compositions can be 
found within glass from a single furnace. Although there is considerable overlap in 
composition between glass from Apollonia and Bet Eli’ezer, the Bet Eli’ezer glass tends to be 
lower in soda (mostly 11–13%) and lime (6–8%) and higher in silica (73–77%). This indicates 
a slight difference in mineralogical composition of the glassmaking sands used and a decrease 
in the amount of natron flux that was added to the batch (Freestone et al., 2008). The Bet 
Eli’ezer glass has been termed ‘Levantine II’ (Freestone et al., 2000). A total of eight raw 
glass samples were analysed from two tank furnaces in Bet Eli’ezer: five samples from a first 
furnace (context L22.B261; Freestone et al., 2000) and three from a second (context 
L14.B190; Freestone et al., 2000). Major element compositions of these samples are reported 
by Freestone et al. (2000). Sample BE39 showed some variation in colour on a scale of a few 
mm and was subsampled for the trace element and isotopic analyses. Sample BE39a was 
mostly blue coloured, while BE39b was darker green.  
To put the degree of heterogeneity within the tank furnaces into perspective, we included 
some other glass from a very different context in the analyses. Three vessel glasses (TA01, 
TA02 and TA03) and a piece of glass waste (TA04) from a secondary glass workshop at Tell 
el-Ashmunein, Egypt, were also analysed. These glasses were dated to the 8th–9th century C.E. 
(Freestone et al., 2003). The major element composition of these glasses was previously 
determined by Bimson and Freestone (1985). They belong to a glass group called ‘Egypt II’, 
characterised by rather high lime and relatively low alumina contents (Bimson and Freestone, 
1985; Gratuze and Barrandon, 1990; Freestone et al., 2000). 
 
3. METHODS 
 
Small fragments from all glass samples were mounted in transparent epoxy resin blocks and 
ground and polished down to 1 µm to expose uncorroded glass. Trace element data were 
obtained via Laser Ablation – Inductively Coupled Plasma – Mass Spectrometry (LA–ICP–
MS) at the Centre for Archaeological and Forensic Analysis, Cranfield University. A 
comparison of reference trace element concentrations for Corning Museum Ancient Glass 
Standard A (Brill, 2012; Wagner et al., 2012) and measured values are given in Table 1. For 
most trace elements determined, the measured values are within 10% of the published values, 
however, B, Nb, Sn and Pb are within 20% of the published values. The values obtained for 
As were consistently almost double the value reported by Brill (2012). No adjustments were 
made for these deviations in the reported data in Table 2. The concentration of elements 
belonging to the lanthanide series (La to Lu) is very low in the Corning A standard and to the 
best of the authors’ knowledge no reliable reference values have been published. According to 
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our measurements, the concentrations in the Corning A glass are one to two orders of 
magnitude lower than in the samples reported in Table 2. These data should however be 
treated with caution. 
After separating Sr, Nd and B from the sample solutions using sequential extraction 
procedures, 87Sr/86Sr, 143Nd/144Nd and 11B/10B isotope ratios were measured using Multi 
Collector – Inductively Coupled Plasma – Mass Spectrometry (MC–ICP–MS) at the 
Department of Analytical Chemistry, Ghent University. Details on the sample preparation and 
analytical conditions can be found in De Muynck et al. (2009), Ganio et al. (2012a) and 
Devulder et al. (2013). 
 
4. RESULTS AND DISCUSSION 
 
The results of the trace element and Sr, Nd and B isotopic analyses are listed in Table 2. This 
table also contains major element data as determined by Bimson and Freestone (1985), 
Freestone et al. (2000) and Tal et al. (2004). 
The trace element composition of natron glass is a combination of elements derived from all 
the raw materials used: the (calcareous) sand, the natron and the lime, and possibly from any 
colourants that were added to the glass batch. Brems and Degryse (2014) classified all 
elements of the periodic table according to their most likely source and in particular those 
exclusively related to the sand source are of interest as possible provenance indicators. The 
elements that are the most diagnostic to distinguish between different suitable sand raw 
materials are Ti, Cr, Sr, Zr and Ba (Brems and Degryse, 2014). 
Samples AP10a and AP10b from Apollonia contain relatively elevated trace element 
concentrations (Ti, V, Cr, Ni, Y, Zr, Nb, Hf, Th and REE) when compared to the other 
samples analysed. Freestone et al. (2000) already suggested that these samples were 
contaminated by contact with the wall or floor of the furnace, based on their higher Al2O3 and 
Fe2O3 contents. The higher concentrations of trace elements observed here can also be 
attributed to the interaction between the molten glass and the clay bricks of the furnace wall 
during firing. Since these samples are not representative for the bulk of the tank furnace, they 
are excluded from the rest of the discussion. However, it is possible that such pieces were not 
discarded after breaking up the primary glass slab and that they were sold together with the 
rest of the raw glass. If they were remelted together with pristine raw glass during secondary 
production, the resulting object would show a slightly anomalous chemical composition with 
higher trace element concentrations. 
To a lesser extent, samples BE39a and BE39b also show slightly higher Al2O3, Fe2O3 and 
trace element concentrations than other samples from the first tank furnace at Bet Eli’ezer. 
This might suggest that here also there was some minor interaction between the glass and the 
furnace wall. However, a local increase in the concentration of clayey material in the sand raw 
material and the glass batch can also explain these observations. 
 
4.1. Sand-related trace elements 
 
The alkali metals Rb and Cs have similar geochemical properties to K and in sands they are 
mostly present in feldspar. As a result there is a good correlation between Rb, Cs, K2O and 
Al2O3 in the glasses analysed. In the samples from the primary tank furnaces, the 
concentration of Rb ranges from 6.3 to 13.4 ppm and that of Cs from 0.08 to 0.20 ppm. The 
Egyptian samples have systematically lower concentrations (Rb between 2.2 and 4.0 ppm, Cs 
between 0.04 and 0.06 ppm), which is in accordance with their low K2O and Al2O3 
contents.Likewise, the alkaline earth metals Sr and Ba can substitute for Ca in Ca-rich 
minerals. The main source of Ca in natron glass was calcium carbonate in the form of 
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limestone or shell fragments. There is a major difference in the concentration of Sr between 
the samples from Israel and Egypt. Glass from Bet Eli’ezer and Apollonia shows a relatively 
wide range of Sr concentrations between 328 and 615 ppm. Glass from Tel el-Ashmunein has 
lower Sr contents between 146 and 182 ppm. These data are consistent with previously 
reported values from the same sites (Freestone et al., 2003; Phelps et al., 2016). The 
concentration of Sr in natron glass is a good proxy for the nature of the lime source used 
(Wedepohl and Baumann, 2000; Freestone et al., 2003; Brems et al., 2013a). The relatively 
high concentration of Sr in the Levantine glass indicates that the lime was mostly derived 
from seashells. The lower Sr concentration in the Egyptian glass is attributed to the use of 
limestone as the source of lime in the glass batch. The Ba concentrations in the glass from 
Apollonia and Bet Eli’ezer range between 207 and 281 ppm. Tel el-Ashmunein glass has 
lower Ba concentrations between 130 and 174 ppm. 
Transition metals of groups 3, 4, 5 and 6 of the periodic table (Sc, Ti, V, Cr, Y, Zr, Nb, Mo, 
La, Hf, Ta, W and Th) and elements of the lanthanide series mostly enter the glass with the 
source of silica (Brems and Degryse, 2014). These elements are associated with the heavy 
mineral fraction of the sand raw material, which can be indicative of the geological setting. 
The concentrations of these elements in natron, lime and colouring agents are much lower. 
The elements Zr and Hf are almost completely derived from the heavy mineral zircon, which 
is a common accessory mineral in sands. Therefore, their concentrations are always very 
strongly correlated. The Zr and Hf contents in the glasses from the primary tank furnaces 
range from 35 to 69 ppm and from 0.9 to 1.8 ppm, respectively, and Zr and Hf are indeed very 
strongly correlated (correlation coefficient r = 0.97). The glass samples from the secondary 
workshop at Tell el-Ashmunein show higher concentrations with Zr between 101 and 221 
ppm and Hf between 2.4 and 5.3 ppm. 
TiO2 is mostly present in heavy minerals such as ilmenite, rutile and anatase. Since different 
heavy minerals behave in a similar way in sedimentary environments, TiO2 and Zr 
concentrations are very often correlated in sediments. Therefore we can expect the same in 
glass produced with natural sands. TiO2 concentrations range from 0.07 to 0.18% in the 
glasses from the primary tank furnaces and from 0.18 to 0.29% in the samples from Tell el-
Ashmunein. The TiO2 versus Zr biplot indeed shows the expected correlation (Fig. 1). The 
Egyptian samples can be distinguished from the Levantine glasses based on their higher TiO2 
and Zr contents. There is however an important difference in the slope of the correlation 
curves that can be drawn through the data points of the primary tank furnaces and those of the 
Tell el-Ashmunein samples. The Egypt II glasses appear to be relatively enriched in Zr, which 
results in higher Zr/TiO2 ratios. This shows that the two glass groups are produced using sand 
raw materials with a fundamentally different geological origin and not from sand with the 
same basic geological origin but with a different degree of maturity (more reworking with the 
elimination of heavy minerals). 
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Figure 1: Co-variation of TiO2 with Zr in the glasses analysed. Separate trend lines are drawn through the 
samples from Tell el-Ashmunein and those from the tank furnaces. 
 
Cr concentrations in the tank furnace glasses vary between 11 and 23 ppm. In the glass from 
Egypt, Cr ranges from 16 to 27 ppm. V, Nb and Th generally follow the same pattern (Table 
2): (1) their absolute concentrations can vary within the tank furnaces, (2) their concentration 
is generally somewhat higher in the glass from Tell el-Ashmunein, and (3) they are all 
moderately to strongly correlated. This indicates that these elements all entered the glass with 
the heavy mineral fraction of the sand raw materials and that the ‘Levantine I’ and ‘Levantine 
II’ glasses were produced with sands which contained less heavy minerals than the ‘Egypt II’ 
glass.  
When sample TA02 is excluded from the data set (because of its high MnO content, see 
below), we find strong positive correlations between MnO, Y and the REEs. This suggests 
that they enter the glass together. The Levantine and Egyptian glasses have similar 
concentrations of these elements. However, the samples from Tell el-Ashmunein appear to 
have slightly depleted Eu concentrations as can be seen in the chondrite-normalised REE 
patterns (Fig. 2). This can be related to their relatively low Al2O3 concentrations. Unlike the 
other REEs, Eu can occur in a divalent state and can be incorporated in plagioclase feldspar. 
When a sand deposit is relatively depleted in plagioclase, this can cause a negative Eu 
anomaly. This anomaly in the Egyptian glasses is however small. All the REE patterns are 
rather similar. Previous studies have already shown that REE patterns are of little use as 
provenance indicators for ancient natron glass (Degryse and Shortland, 2009; Walton et al., 
2009; Brems and Degryse, 2014). 
Fig. 3 shows the concentrations of a selection of sand-related trace elements normalised to the 
average continental Earth’s crust (Wedepohl, 1995). All glasses from Bet Eli’ezer and 
Apollonia have homogeneous trace element patterns and ratios, which are very similar to the 
average trace element pattern for Belus River sands (Fig. 3; Brems and Degryse, 2014). This 
indicates geochemical homogeneity of the sand sources along the Levantine coast. These very 
similar trace element patterns are not surprising since most of the sand along these coasts is 
ultimately derived from the River Nile. The heavy mineral assemblage in the sand deposits 
will therefore be very similar. The distribution of these minerals in a sand deposit can 
however vary locally due to varying hydraulic conditions during sediment deposition (Brems 
et al., 2016). As a result, the absolute concentrations of these elements can vary substantially. 
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Since primary glass batches seem to be poorly mixed (as evidenced by the variations in major 
element concentrations; Freestone et al., 2000), these variations will be transferred to the final 
glass slab. However, different heavy minerals will react to varying hydraulic conditions in a 
similar fashion. Therefore, although absolute concentrations may vary, trace element ratios 
will mostly be left unchanged. 
 
 
 
Figure 2: Chondrite-normalised rare earth element patterns of the glasses analysed. (Chondrite values from Sun 
and McDonough (1989)). 
 
 
 
 
Figure 3: Trace element concentrations normalised to the mean abundances in the Earth’s continental crust 
(Wedepohl, 1995). Every line represents a sample. The trace element pattern of Belus river sand is given for 
comparison (Brems and Degryse, 2014). 
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4.2. Natron-related trace elements 
 
The natron flux is the main source of Na, S, F, Cl, Br and I in primary natron glass (Brems 
and Degryse, 2014). It also introduces most of the P, B and U. Na2O, Cl and SO3 contents 
were previously determined by Bimson and Freestone (1985), Freestone et al. (2000) and Tal 
et al. (2004). Although there is overlap in the compositional ranges, the concentrations of 
Na2O and Cl are generally higher in the Tell el-Ashmunein glass (between 14.7 and 15.3% 
Na2O and between 1.0 and 1.2% Cl) than in the tank furnace glass (between 10.8 and 16.1% 
Na2O and between 0.5 and 1.1% Cl). This indicates that the Egypt II glass was produced with 
a higher proportion of natron in the glass batch. The concentration of P2O5 is low (0.03 – 
0.05%) in the glasses from the tank furnaces, which is characteristic for glass produced with 
natron as a flux. Plant ash glass generally contains more P2O5. One sample from Tell el-
Ashmunein has a slightly higher P2O5 concentration of 0.16%. This might be the result of 
accidental incorporation of some ash from the furnace fuel. However, no elevation in the 
concentration of K2O or MgO is observed. An alternative explanation for the slightly elevated 
P2O5 concentration might be the incorporation of some bone (hydroxylapatite) or bone ash in 
the glass batch. 
U concentrations range from 0.6 to 1.9 ppm in the primary tank furnaces and from 0.9 to 1.5 
ppm in the Tell el-Ashmunein glass. The concentration of B in the glasses analysed is 
discussed below together with the B isotope ratios. 
 
4.3. (De)colourant-related trace elements 
 
There is no evidence that (de)colouring agents were added to the primary glass batches at 
Apollonia or Bet Eli’ezer. The concentration of trace elements commonly associated with 
(de)colouring, such as Mn, Sb, Co, Ni, Cu, Zn, As, Ag, Sn and Pb, are all very low and can be 
attributed to background concentrations in the sand raw materials (Brems and Degryse, 2014). 
The concentration of MnO is ≤ 0.02%. Sb concentrations range from 0.1 to 1.4 ppm. The 
concentrations of the other transition metals are moderately to strongly correlated with sand-
related trace elements like TiO2, V, Zr and Cr. This indicates that they are indeed coming in 
with the heavy mineral fraction of the sand raw material. Although the inclusion of some 
cullet cannot be excluded completely, it is unlikely that strongly coloured fragments were 
recycled during the primary production process. Therefore the trace element composition of 
the raw glass presented here is not contaminated by the accidental addition of colouring 
agents and are true background levels of trace elements in natron glass. This data can 
therefore be used as comparison for other natron glass studies to investigate whether or not 
the composition of the analysed glasses has been affected by recycling of cullet. 
One fragment of a glass vessel from Tell el-Ashmunein (TA02) has a higher MnO 
concentration of 0.67%. This MnO was deliberately added to the glass to make it colourless 
(Bimson and Freestone, 1985). Sample TA02 also has slightly higher concentrations of Zn 
and Sb. In the other samples from Tell el-Ashmunein, the concentrations of (de)colourant-
related trace elements are comparable to those in the primary glasses. This suggests that there 
were no colouring agents added to the glass and that they are not influenced by recycling of 
cullet.  
 
4.4. 87Sr/86Sr isotope ratio 
 
The Sr isotopic signatures of the glasses analysed from the primary tank furnaces are very 
homogenous. 87Sr/86Sr ratios vary between 0.70902 and 0.70919 (Fig. 4). These signatures lie 
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very close to the present day seawater value (87Sr/86Sr = 0.709165 ± 0.000020; Stille and 
Shields, 1997; Banner, 2004). This indicates that the main source of lime in these glasses was 
Holocene seashell (Wedepohl and Baumann, 2000; Freestone et al., 2003, 2009; Brems et al., 
2013a). This shell material could have been deliberately added to the glass batch, but it is 
more likely that it was naturally included in the coastal sands used as a source of silica. 
Sample AP10b has a slightly higher 87Sr/86Sr signature of 0.70938. This can be attributed to 
contamination from the furnace wall or floor, as is already evident from the elevated 
concentrations of Al2O3 and Fe2O3 (Freestone et al., 2000) and trace elements. This alteration 
of the strontium isotopic signature due to contamination by the furnace building material has 
not been reported before and should be kept in mind when interpreting strontium isotope 
ratios in ancient glass. 
Freestone et al. (2003) determined the isotopic composition of Sr in three glass samples from 
another tank furnace from Bet Eli’ezer and their results are indistinguishable from the data 
presented here. This shows that different tank furnaces from Bet Eli’ezer and Apollonia 
cannot be distinguished from each other based on their Sr isotopic signature.  
The Tell el-Ashmunein glass samples have much lower 87Sr/86Sr isotopic signatures between 
0.70794 and 0.70805. The isotopic composition of Sr in three of these samples (TA02, TA03 
and TA04) was previously determined via TIMS by Freestone et al. (2003). The results 
presented in this study are within analytical error of the previously published data. These 
lower Sr isotopic signatures in the glass from Egypt indicates that limestone was used as the 
source of lime (Wedepohl and Baumann, 2000; Freestone et al., 2003, 2009). 
 
 
Figure 4: Sr-Nd isotopic composition of the glass analysed in this study and other natron glass (432 analyses 
from glass dating between the 1st cent. B.C.E. and the 9th cent. C.E. compiled from Degryse et al. (2006, 2008, 
2009b), Degryse and Schneider (2008), Ganio et al. (2012b, 2012c)) and Degryse (2014)). The 87Sr/86Sr ratio of 
present-day seawater is indicated with the grey line. 
 
4.5. 143Nd/144Nd isotope ratio (εNd) 
 
The isotopic composition of Nd in the glass from the tank furnaces ranges between -5.1 and -
4.5 εNd (for 143Nd/144Nd) for glass from Bet Eli’ezer and between -5.4 and -4.1 for raw glass 
fragments from a single tank furnace in Apollonia (Fig. 4). The ranges of the three different 
furnaces strongly overlap so they cannot be distinguished from each other. This indicates the 
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use of sand raw materials with the same geological origin. The results obtained here are 
slightly higher than other Nd isotope ratio data from Israeli tank furnaces (εNd values between 
-6.0 and -5.6 for three samples from another furnace at Bet Eli’ezer and -5.1 for one sample 
from Apollonia; Freestone et al., 2018). This difference can be attributed to the measuring 
technique used. In this study, isotope ratios were measured using multi collector ICP–MS, 
while the data of Freestone et al. (2018) were obtained via TIMS. 
Glass from the secondary workshop at Tell el-Ashmunein has εNd values between -7.0 and -
6.1. These are lower than those of the Levantine glasses, which confirms the difference in 
primary origin of the raw materials used for the production of these glasses. The similarity of 
the range of εNd values measured in different furnaces from the same site, and the difference 
in εNd values between glasses from different origins are very encouraging for the applicability 
of Nd isotopic analysis for provenancing glass. 
The results of the Sr-Nd isotopic analyses are compared to the corresponding characteristics 
of other natron glasses in Fig. 4. These data represent 432 primary and mainly secondary glass 
fragments from a wide range of archaeological sites in both the eastern and western 
Mediterranean, dating between the 1st century B.C.E. and the 9th century C.E. (Degryse et al., 
2006, 2008, 2009b; Degryse and Schneider, 2008; Ganio et al., 2012b, 2012c; Degryse, 
2014). The bulk of the dataset has εNd values between -6 and -4, similar to those found in 
primary tank furnace glass from Israel. This indicates that the vast majority of natron glass in 
the 1st millennium C.E. had its primary origin in the eastern Mediterranean. An εNd value of -7 
has been suggested to mark the separation between the eastern and the western Mediterranean 
(Degryse and Schneider, 2008). Glasses with lower εNd values may have been produced from 
their raw materials in the West. 
When looking at Fig. 4, it must be noted that the range of εNd values measured in a single tank 
furnace is relatively wide in comparison to the full range of Nd isotopic signatures reported 
for secondary glass in literature. This again shows that although the method is very useful to 
distinguish between wider production regions, i.e. east vs. west, it is not possible to pinpoint a 
single production site within an area based on Nd isotope ratios alone. 
 
4.6. B concentration and  11B/10B isotope ratio (δ11B) 
 
The concentration of B in the raw glass from Bet Eli’ezer and Apollonia ranges from 37 to 60 
ppm. The isotopic composition of B in these glasses is relatively homogeneous and varies 
between +22.7 and +29.9‰ δ11B. The Egyptian glasses from Tell el-Ashmunein have B 
concentrations between 73 and 95 ppm. Their B isotopic signatures range from +20.4 to 
+25.2‰ δ11B.  
In Fig. 5, the B concentration and B isotopic composition in the glasses analysed is compared 
to those in 4th century B.C.E. to 7th century C.E. vessel glass from Sagalassos (Turkey), 
Kelemantia (Slovakia), Oudenburg (Belgium) and Grandcourt Farm (UK) (Devulder et al., 
2014). Additional comparative data for potential natron and sand raw materials is shown as 
well (Devulder and Degryse, 2014; Devulder et al., 2014).  
A first interesting observation is the difference in B concentration between the raw tank 
furnace glass analysed in this study and the secondary (vessel) glass from Devulder et al. 
(2014), which has significantly higher B contents (i.e. between 100 and 300 ppm). This, 
however, does not necessarily mean that a different flux source was used in their production. 
On the contrary, the secondary vessel glasses also have higher Na2O concentrations and we 
see a positive correlation between B and Na2O. Given the fact that the glass vessels analysed 
by Devulder et al. (2014) are mostly older, and the B isotopic compositions are fairly similar 
(Fig. 5), it seems that the vessel glasses were produced with the same type of natron flux as 
the younger tank furnace glass, but according to a different recipe (i.e. higher natron to sand 
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ratio). This is in good agreement of the previously reported trend of decreasing Na2O contents 
in natron glass due to an increasing shortage of natron available for glass production in the 
second half of the first millennium C.E. (e.g. Freestone et al., 2000; Shortland et al., 2006). 
The difference in B concentration between the tank furnace glasses and the glass from Tell el-
Ashmunein is most likely related to a difference in recipe as well. As discussed previously, 
the Tel el-Ashmunein glass also has higher Na2O and Cl concentrations, indicating the use of 
more natron in the glass batch. The fact that the Tell el-Ashmunein glass is younger than the 
tank furnaces in Apollonia and Bet Eli’ezer, might suggest that the primary production site of 
the Egypt II glass was located closer to the source of natron and was therefore less affected by 
the declining availability of natron in the Near East. 
Also intriguing is that the concentration of B in the tank furnace glasses and the secondary 
glasses from literature is higher than in most of the present-day flux material (Fig. 5). This 
might indicate that the amount of B that is incorporated in the natron deposits has changed 
over time or that, as suggested by Shortland et al. (2011) and Devulder et al. (2014), the salts 
were further processed before using them to produce glass. This process could potentially 
cause an enrichment of B in the end product. It might also be the result of the separation of an 
immiscible sodium chloride rich scum or gall during the glassmaking process (e.g. Tanimoto 
and Rehren, 2008), where, as a glass-former, boron would be expected to be strongly 
partitioned into the glass melt.  This is however highly speculative, since the effect of these 
manipulations on the B concentration and the B isotopic signature in the flux in unknown. 
The δ11B values of the primary glasses reported in this study lie close to those of natron from 
Egypt, Libya and Tunisia (Fig. 5; Devulder et al., 2014). This suggests that the tank furnaces 
in Israel imported natron flux from one (or more) of these North-African sources. Lake 
Pikrolimni in Greece can be excluded as possible natron source for primary glass production 
in Apollonia and Bet Eli’ezer given its much lower δ11B signature (Fig. 5). 
 
 
 
Figure 5: B concentration and B isotopic composition of the glass analysed in this study and other natron glass 
(33 analyses from glass dating between the 4th cent. B.C.E. and the 7th cent. C.E. from Devulder et al. (2014)), 
natron from various sources and sand deposits (Devulder and Degryse, 2014; Devulder et al., 2014). 
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5. CONCLUSIONS 
 
Raw glass from different tank furnaces on a single site have very similar ranges of major, 
minor and trace element compositions and Sr, Nd, and B isotopic signatures. The glass from 
these tank furnaces cannot be distinguished from each other based on these geochemical 
characteristics. The isotopic composition of Sr and Nd in raw glass fragments from Bet 
Eli’ezer and Apollonia is relatively homogeneous. This confirms the applicability of this 
method for provenancing glass on a larger scale. Caution is however warranted since it 
appears that the isotopic composition of Sr can be altered by contamination from the furnace 
walls. The isotopic composition of B in raw glass from Bet Eli’ezer and Apollonia is also 
relatively homogeneous. Evaporitic lakes in Egypt are the most likely source for the natron 
flux used for the production of the glass, although other North-African sources cannot be 
excluded. 
Trace element patterns of raw glass from Bet Eli’ezer and Apollonia are very similar to that of 
Belus River sand. Although compositional ranges are very similar between different tank 
furnaces, absolute concentrations of major and trace elements within a single tank furnace can 
vary significantly in comparison to today’s analytical precision. This indicates that the raw 
materials were poorly mixed before firing and that convective currents within the molten glass 
were insufficient to homogenise the batch. 
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TABLE CAPTIONS 
 
Table 1: Comparison of published compositions for the Corning A reference glass (Brill 
2012; P2O5 from Wagner et al., 2012) and the results of 5 measurements of Corning A with 
LA-ICP-MS, each of which represents an average of three area analyses. Results for MnO, 
P2O5 and TiO2 are in Wt.%. All other results are in ppm. The precision of the analyses is 
indicated by the standard deviation among the fifteen area analyses and the five individual 
analyses, while the accuracy can be estimated based on the deviation between the value 
obtained in this work Ca and the corresponding reference Cp. This δ rel% value is calculated 
using the formula (Ca-Cp)/Cp*100. 
 
Table 2: Major, minor and trace element compositions of the glass samples and results of the 
Sr, Nd and B isotopic analyses. All results for the major and minor oxides are reported in 
Wt.%. Trace element concentrations are given in ppm. Each of the trace element 
measurements represents the average of three area analyses. SiO2, Na2O, CaO, Al2O3, Fe2O3, 
MgO, K2O, Cl and SO3 data are from Bimson and Freestone (1985), Freestone et al. (2000) 
and Tal et al. (2004). (nd. = not determined) 
